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SYSTEM FOR NOx REDUCTION IN EXHAUST GASES 

The present invention concerns improvements in selective catalytic reduction.of NOx 
in waste gas streams such as diesel engine exhausts or other lean exhaust gases such as from 
5 gasoline direct injection (GDI). 

The technique named SCR (Selective Catalytic Reduction) is well established for 
industrial plant combustion gases, and may be broadly described as passing a hot exhaust 
gas over a catalyst in the presence of a nitrogenous reductant, especially ammonia or urea. 

10 This is effective to reduce the NOx content of the exhaust gases by about 20-25% at about 
250''C, or possibly rather higher using a platinum catalyst, although platinum catalysts tend 
to oxidise NH3 to NOx during^higher temperature operation. We believe that SCR systems 
have been proposed for NOx reduction for vehicle engine exhausts, especially large or heavy v 
duty diesel engines, but this does require on-board storage of such reductants, and is not - 

15 believed to have met with commercial acceptability at this time. 7 i - 

We believe that if there could be a significant improvement in performance of SCR i-.^ 
systems, they would find wider usage and may be introduced into vehicular applications. , ; 

- It is an aim of the-present invention to improve -significantly. the„con version of MQx m a 4 . 

20 SCR system, and to 'improve the' control of other pollutants using a SCR system^^: . : 

Accordingly, the present invention provides an improved SCR catalyst .system, . 
comprising in combinatidri>nd in qrder, an oxidation catalyst effective to convert NO to 
NO2, a particulate filter, a source of reductant fluid and downstream of said source, ' arj, SCR . 
25 - catalyst. ;\ * ' \ ^ ; ' \ - f " ^ 

The invention fiirthenprovides an improved method of reducing NOx in gas, streanls: 
• cbritainiijg NO and particulates comprising passing such gas stream over an oxidation^ ; 
' catalyst under conditions effective to convert at least a" portion of NO in the ga^ stream to 
30 NO2, removing at least a portion of said particulates, adding reductant fluid to. the gas 
stream-containing enhanced NO2 tq form a gas mixture, and passing the gas mixture over 
an SCR catalyst. * ^ . . ' / t . ! 
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-vj.!' Although the present invention pr^^^^ in its prefe|Teid embodiments, the 

opportunity to reduce very sigiuficantly^the.NQ^. emssion from the lean (high m.oxygen) 
exhaust gases from diesel and similar engines, it is to be noted that the invention also 

f perrnjts very , good reductions in Jhp,, levels ^ of; other regulated, polljjtants, especially 
^lydrocarbons and;particulates. ; ; i; .- r :.r.. r ^; .>i .r 



The invention is .believed to haye_p£ulicular, application, to the exhausts, from heavy 
•:;t-,; duty, diesel engines, especially vehicle ,engines,,eg- tmck ar b^^ epgines. -but.is not to be 
regarded as Ij^ing limited.thereto. Other applications might he Lpp, (light duty diesel), GDI, 
10 , - CNGicompressed natural gas) engines, ships or Ifor simplicity, however, , 

the majority of this description concerns such vehicle engines. 

■1 Li;; Li : ' > . . i vri. i , v>i.,;;h..< .■ s.i !.n,;:uc:;; 

, . We have. .surprisingly found that; aj^^pr^roxidising'' .step, .which is^ not g^enerally 
; : ; considered necessary because of .the.lqw.pojitenffpf CO a^id.m^ in di.esel ^jfhpusts, 

15 is particularly effective in- increasing the, c^c>nyersi,^n^^ the SCR system.- ; 

We also believe that minimising the levels of hydrocarbons in the gases may assist in the 
. r conyersiQn; of NO.tp NOj-h This may be achieved catalytjpally and/pr bj: engine design or 
. .. , - management; .Desirably, the NOj/NO ratio i? adjusted -arxording to the present invention 
. 1 ..to., the :mo,st.benefieial suehi ratia for .the^partipuAar SCR .catalyst .,^d CO, and-hx^rpparbons 
20 . -are pxidfized. pripr^to ,the SCR cataly.st.5,Thus, ,o,u^ results, indicate that for a . 

.transitiffn metal/zeolite SCR catalyst it is-desir^ble.tOjConyert all NO to N02,,wh6reas for 
■■, arare earth-based .SCR catalyst,, a high ratio is d?S;irable providing there is sonie.NO, and 
., , fpr other transition-, metal-based catalysts gp .rmxturps^ th^n. either 

psubstanjia^ly^ only NO pr NOi. Evenniorp si^risipglyi th^ incorppratiop of a particulate 
25 .filter permits 5tin higher ^onyersipns of NOx.^ . . . /r.;. :v ^ . - ; 

...r, .V . J The oxidation.c^talyst may. be. anj; suitably -pa^alyst, ai^d js.genqrallji'ij^y^ilfble to 
. ; ,thpse skilled in art. ^Forexample, a Pt catalyst deposited uppn a cejamic, or mefal.through- 
, ; flow honeycomb, support is particularly suitable, Suitable pamlysts. 3^ .e.g. J>|/A1203 
3A . ;catalyst§, containing .l-150gPt/ft3(0.035-5-3g Pt/l 
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' N02/N0 ratio required. - Such catalysts may Contam other tOmponerits providing there is a 
beneficial- effect 6 ^ - - v ' " >^ 

V *- The soiitce of reductant fluid c6hvehiently uses existing techholdgy to injecft fluid 
5 into the gas stream. For example, in the tests for the present invention, a mass controller 
was used to control supply of compressed NH3, which was injected through an amiular 
' * fe^^ niouHted in the exhaust^pipe. ^ The injector ring had a plurali^ of injection ports 

arrangbd aroiffidits perip^ A converifiohal diesel fu6l ifij^ction-sy^em ineltid?ng pump 

• - aiid injtCtor rio^le has bbefi-iisM^o irijd'ctJ iirea by the present Ai>pridaLnts. A stream of 
1 0 ' '^''cdiftpressed' air wks alsd irijected'arc^una the -nozzle; 't^ provided good^mixing and cooling/ 

The reductant fluid is suitably NH3, but other reductant fluids including urea, 
am'moniurh Ncarbamate and* 'hydrbcarbons^ including^ di6sel fuel iftay also be considered, 
•'^ 'Diesel fuel is, of eoilris^,' caWiad fuel itsel&is 

15' a1esss^lec:tiv^ reaucta[Jlt thaii^ ' ''" ' ' ^^ . 

c n j c Suftdfc'ii'^Ck 6^1y?t^afre a GSilW'ed'and vanadia- 

• ' ' based catalysts- ' 5\^pr^feVred-cataryst at present is a vl05/WQ^'/Ti0^^iataystV Sui3pb^^ 

' ~S honeycdriib'ti^ Although^^ch a dat^^^t has shown goodperforfnarice 

20 in the tests described heredftef arid' is coniim av2til^bleV'we*have foiind that sustained'. 

■ -high temperatxut'operaYid caiu^e tiatalyst deactivation. HeaVy duty diesel* engines, 
' " which are almost excldsively-tm'bo'bhargedj^ prbduce'-exhstust gases at greater than 500 °C 

• under conditions'-of high load and/o^MgH*^^^^^^ and suth'tennipa-atures are sufficient to 
' ' * * ckuse- catalyst deacti vation. In ' orie^ erhbodihient of the iriventioh, :theref6reV cddlin 

25 is provided upstream of the SCR catalyst.' CooKng means may Suitably be activated by 
sensing high catalyst temperatures or by other, less direct, means, such as determining 
' bonditibrisTikely to fe^d f6 iugfi catalyst teriipei^Kures.^ Smtable cooling means include water 
- ' inject?6n upslfeain dHhe SCR catalyst, or W injection, for ekample utilising the engine 
' " Wrbocharger* to^p^^ intake air by-passing the engine. 'We have 

i& * ofeer^'e'd'^i'loss bf acti^^^^ catalyst; however, using water .injection; and air injectiorv 

by modifying the turbocharger leads to higher space velocity over the catalyst which tends 
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, to .reduce NQx conversion, Preferably, Jhe preiprred^ SCR cat^ysjt is maintained at a 
.temperature from 160°C to 4.50°C. ■ l.:.; .. ' : v. 

We believe that in its presently preferred embodiments, the present invention may 
5 . depend upon an incoinpletp conversion of NO to NQs- Desirably, therefpre, the oxidation 
catalyst, or the oxidation catalyst together with the particulate trap if use4, yields a gas 
stream entering the SCR catalyst having a ratio of NO to NOj of from about 4:1 to about 1 :3 
by vol, for the commercial vanadia-type catalyst. As mentioned, above, other SCR catalysts 
perform better with different NO/NOj ratios. We do not believe that it has previously been 
10 , . suggested to adjust the, NO/NOj ratio in order |o in:iproye NOx reductipn. ■ ■ 

. The present invention incorporates, a parti^^^ 
catalyst. We discovered. that soot-type partifiiilat^es may.be removed from a particulate trap 
by ."combustion" at relatively lo\y tempe,ratur-e5,.jn ; the presence , p^^ In effect, the 

15 incorporation ofsuch a particulate trap sep^es. to c^^ 

causing , accumulation, with., resultant , blpcHj^ge.5.pr.,„!b^^^^ probleqis^ .. whilst 

simultaneously reducing a,, propprtipn. of tl^e .NQ^, , ^^^^^^,P^^}^!^^^^ traps are generally 
available, and are desirably of the type known^as \yaU-flpw/ilter^» genpri^lly manufactured 
from a ceramic, but other designs of particulate trap, including woven knitted or non-woven 

20. ..heat-resistant fabrics,' may be used- ,•;.- ,/;; ir. n - '. % K- <-,nau}::. 

; - It may .be desirable, to incorpora^ 4 cl,ean-wp..p,ataly^^^^^ 

- catalyst, to remove any NH3 or derivativQS,thei:eof 3?4^ch^^9^^^^^ luireaaed or 

,,. as by-products. Suitable clean-up catalysts are availabl^.to the skUled person. .. 



25 



A particularly interesting possibility arising frptp ttie presei^tmyentipn ha^ especial 
application to light duty diesel engines (car and utility vehicles) and permits a significant 
reduction in volume and weight of the exhaust gas after-treajnient system, in ,a sp^ 
engineered system. 



30 H- 



rrr/:;..!:- 
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' ' ' ' Several tekts' have been carried out in making the present invention. The^e'are 
described below, and are supported by results shown in graphical form in^the attached 
drawings. 

5 ' ' A commercial 10 litre borbocharged heavy duty dicfsel 6ngihe oh a test-bed was used 
for all the* tests ciescribed herein. ' - < , > 

Tesl 1 - (Comparative^ — - , t ,.^ 

10 A conventional SCR system using" a ^'commercial V20yW037Ti02 catalyst, 'was ' 

adapted and fitted to the exhaust system of the engine. NH3 was injected upstream of the 
' SCR catalyst'at varying ratids:* the' NH^Vaisiupplied' from 
■ arid a cdnventiohar 'niass flbw cd^^ iised'td control the flow of NH3 g^%6 an 
experimental injection niig: 'The injection^iing was 'a 10cm diameter annular ring provided 
15 ' " with 20 small injection ports ai^ of the exhaust gas'flow. 

' NOx ' conversions werc anal5^ser before and after the^ SCR 

ckalyst' and arei i>^^ in"Figure-l . Temperatures' were 

" "'^ altered by maintafning' the en:gine'speed'c6iistarit and altering the torque applied, -tv- - 

20 A number of tests were run at different quantities of injection, fr0m=6O% to ' 

1 00% of theoretical, calculated at 1 : 1 NH3/NO and 4:3 NH3/NO2. It can readily be seen that 
at low ternp^ratufes, don^espdnc^irig toiight loadV conversions are about 25%, and the highest 
* cohVef^ions require (100%) addition of NH3 at catalyst temperatures of from 

325 to ^OO'^C; and fe^'ch kb^iit' 90%. ^ However, we have determined that-at greater than 
25 about 70% of stoichiometric NH3 injection, NH3 slips through the SCR catalyst unreacted, - 
arid' can cauW further'pollUt^^^ ^ 



' Test 2' (C6mparativcV ^ 



30 The test rig was modified by inserting into the exhaust pipe upsU^eam of the NH3 

injection, a commercial platinum oxidation catalyst of 10.5 inch diameter and 6 inch length 
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(26.67cm diameter and 15.24cm length) containing lOg Pt/ft^ (= 0.35gylit|:e) of c^atalyst 
volume. Identical tests were run, and it was observed from the results plotted in Figure 2, 
that even at 225°Q the conyeirsion of NO\ has increased jfrorn 25^^ ta The greatest 

..conversions were in excess of 95%. No slippage of >ra3- was observed ^ this te^t nor in the 
5 , following test. , . - \ ; r - ; . . : -vo^r-v. I 

Tests 

The test rig was modified further, by inserting a particulate trap before the NH3 
10 ^. injection point, and the tests run again under the same.copditions.at 100% NH3 injection and 
a space velocity in the range,4G,OpO Aq, 7^0,QQ9..hf:l over the SCR catalyst,^ The results are 
plotted and shown in Figure 3. Surprisingly, there is a dramatic improvement in NOx 
.conversion, to above 90% at.mX, and rpaching 1.00%;at .350°(:., Additignally, of course, 
the particulates which are the most visible pollutant from diesel engines, are ^so. controlled. 



15 



, Test 4 



An R49 test with 80% NH3 injection was carried out over a V205/W03/Ti02 SCR 
: : catalyst. This gave.67% paijiculate, 89% HC= and.8;Z%.NO ^esuhs are 

20,^ -^plotted in,Figure-4. 'u-;,::^r^\K (ijjo h^... / -.s ?[ > : ::.h- . 0 

Additionally tests have been carried out with a different diesel engine, and the excellent 
r . • results illustrated in .Test 3^ and 4 aboye haye bee^i cQnfirmpd ..... . , . /, 

25 The Jesuits have been confirmed also for a n^^ • . y >; 
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"^■ claims " - ' .■••'•'-•■"■^ ^-'^r-"' ^ ■ o;. 

' ' ' i. '* An improved SCR'system fdf 'treating combustion ei^haust gas containing NO' and 
*' * paftibuTfke^; cbmprising in combin in order,' an' oxidation catklVst effective to 

5 convert at least a portion of NO in said NOx to NO2, a particulate trap, a source of fedufetant 
fluid and an SCR catalyst. 



2. An SCR system according to claim 1 , wherein the reductant fluid is NH3. 

10 ' 3. An'SCR system' according ^ to dxidation -catalyst' is a ' 

platinum tataly'st canned on' k througH-fl'i^W^^^ ' 

' ' " 4, Ari SCR system sLccordin*^ td c*aim*^l';i br 3 wherein the jparticulate filter is a wall- 
■'■"■ffc^wfifter. ■• ■ - ' ^'--^^'-q -^-^^ ' ■ - -^^ ■ ^ 

15 

5. An SCR system according to any one of the preceding claims, comprising also 
means to cool gases upstream of the SCR catalyst. 

- h ' 6. ^ ^ ' ' Xn'SCRVy^teto^a^^^ claim 5,'c'6rnprising'arso cohtrol means such that said 

20 gas cooling means is activated only when a high SCR catalyst temperature is* detected or 
conditions are determined that are expected to lead to high catalyst temperatures. 

7. A diesel engine provided witB ah SGR "system a:cc6fding to any^ onfe of claims i to 5. 

25 8. A light ^lify iii^s'el engine^ dccof ding to claim 6, wherein the volume of the exhaust ' 
gas after-treatment system is reduced. 

9. A method of reducing pollutants, including particulates and NOx, in gas streams, 
comprising passing such gas stream over an oxidation catalyst under conditions effective to 
30 convert at least a portion of NO in the gas stream to NO2, removing at least a portion of said 
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particulates, adding reductant fluid to the gas stream containing enhanced NOj to form a gas 
mixture, and passing the gas mixture over an SCR catalyst under NOx reduction conditions. 

1 0. A method according toxlaim 9, wherein said gas sfream is the exhaust from a diesel, 
5 GDI or CNG engine. " " 

1 1. A method according to claim 9 or 10, whereiri the gases are cooled, if necessary, 
before reaching the SCR catalyst. ■, ' 



10 12. A method according to claim 9, 10 or 1 1, wherein, the NQ to NOj ratio in the gases 
is adjusted to a level pre-determined to be optimum for the^SCR cataly!st,'.by oxidation of NO 
over an oxidation catalyst. 



/ 

> 
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